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aluminum plate with two apertures aligned with the electron beams.
The solid angle of the apertures is slightly larger than the solid
angle of the electron beams intercepted by the collimating Tlens

of the optical detection system.

Preliminary data indicates that the current in the upper
electron gun has increased from a typical value of 50 pa to at
least 250 pa (see Figure 30 of the direct excitation function of
He (3889ﬁ) taken in the modified system with a current 350 micro-
amperes). This illustrates a factor of seven improvement in
current over the former design.

Although the second gun is also capable of the same current,
some limitation may be imposed by the necessity of fully modula-
ting the second electron gun. Therefore the final improvement in
signal strength resulting from modifying the electron guns will
be a factor lying between 5 and 25. The light baffle has reduced
the noise counts to approximately 50% of their previous value of
50 counts/sec., so that the net improvement in the signal-to-

noise ratio is at least a factor of ten.

5, LINEARITY TESTS AND SOURCES OF MISINTERPRETATION
Measurement of cross sections from long-lived excited states
of an atom involves measuring a signal which is about six orders
of magnitude smaller than signals resulting from direct electron
impact on an atom in the ground state. This is because the pro-
duction efficiency for the metastable target species is poor for

conditions where the target number density can be determined from
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its creation rate. Therefore instrumentation must be used which
has the capability of discriminating against signals larger than
or of comparable size to the desired signal. Direct cross sections
of ground state atoms and molecules which are compatible with
vacuum electronics can be measured with comparative ease. However,
in the range between these signals and signals which are six orders
of magnitude smaller, many effects manifest themselves with the con-
ventional electron guns used to perform cross section measurements.
Some of these effects can completely mask the desired signals. The
cumulative cross section technique invoives the use of two electron
guns (one of which is current modulated) and the measurement of
coupled modulated signal produced from stepwise excitation from
the two guns. Therefore any other source of modulated signal will |
1imit the ability to obtain truecumulative data. |
Some sources of spurious modulated signal are (1) the energy
spread of the electron beam folded with the direct excitation
cross section, (2) direct population of the observed upper level
outside the Faraday cage, leading to scattered radiation picked

up by the detection system, (3) modulation of the potential shift

in the unmodulated gun arising from introduction of ions, and (4)
inadequate chopping of current in the modulated gun, leaving a
weak beam of higher energy electrons during the "off" half-cycle
of the electron beam.

It is believed that all of these effects have been observed

to some degree in the electron guns before the addition of the
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virtual cathode. The grid voltages and the accelerating voltage
for which these spurious signals appeared were identified, allow-
ing for a study of cumulative excitation without ambiguous results.
Since the addition of the virtual cathodes and the resulting in-
crease in current might alter the onset potentials of these un-
desirable effects, recent experimental work has been conducted
with attention given to identifying these sources of modulated
signal. Figure 31 is a relative excitation function of the helium
3889K line, taken under typica] operating conditions but at modest
sensitivity. This curve and other excitation functions presented
here are uncorrected for the change in electron current with electron

energy, nor are they corrected for potential shift.

Figure 32 gives the response of current as a function of ac-
celerating voltage. When operating the system with only modest
sensitivity, the excitation function in Figure 31 shows no abnormal
features which might be attributed to any of the four sources of
spurious in-phase signal mentioned above. Figure 33 is the same
transition as in Figure 31 in helium monitored under similar con-
ditions but with three orders of magnitude increase in sensitivity.
This is achieved by increasing the pressure in the gas reservoir,
the s1it width on the monochromator, and the integration time of
the detection system. The three peaks between 24 and 25 eV come
about from auto-ranging of the counter, as the count rate goes
from 102/per second up to 10%/per second. Below the onset of

direct excitation at 24 eV (uncorrected for potential shift) there
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appears a very weak in-phase signal beginning at about 22 eV. The

metastable source gun was not operating, but this weak signal could

be cumulative excitation from metastables produced when the electron

beam energy exceeded 19.8 eV. On the other hand, it could be

1'S > 33P excitation observable from the high energy tail of the
electron beam. The threshold for direct excitation becomes ambig-
uous when examined with high sensitivity due to the distribution
of electron energies in the electron beam. Another possibility is
illuminated by Figure 34. While the accelerating voltage, Vacc

is developed between the virtual cathode and the last grid, the
collector voltage, Vc’ is applied with respect to ground, so that

the total electron energy beyond the Faraday cage is (V + Vc)'

acc
Since this region is not in the viewing area of the detection
system, ordinarily the effect of the added accelerating voltage
would not be observable. But if even a minute fraction of radia-
tion from the region between the Faraday cage and the collector
made its way through optical reflection into the detection system,
true cumulative data would be compromised.

Figure 35 is the He 38898 transition monitored at a sensi-
tivity similar to Figure 33, but with collector voltage set at
eleven volts. In-phase signal now appears at 20 eV. This signal
was eliminated by reducing the monochromator slit height to 3 mm

and by lowering the collector voltage to 4 volts. Reducing the

slit height was also beneficial in lowering noise counts from the
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cathode. Figure 36 shows the 38894 transition following these

measures.

6. SINGLE BEAM EXPERIMENT

Succeeding work with the crossed beam system yielded data on
the cross sections from the helium 23S state to several upper states.
The most reliable measurements have been inferred from the cumula-

tive counts from a single electron beam in a very limited energy

range, however, as opposed to the data arising from metastable ex-
citation in the first electron beam and subsequent excitation to
upper levels in the second electron beam.

With a single electron beam the experiment proceeds as fol-
lTows: An electron beam orthogonally intersects an atomic helium
beam exiting from a capillary array. The current of the electron

beam is 100% modulated, and the energy of the electron beam is

swept, in the case of helium, from 15 eV to 30 eV. When the
electron beam energy exceeds 19.8 eV, metastable atoms in the

27S level are created, and above 20.6 eV, metastable atoms in both
the 23S and 2!S levels are created. The 2!S population does not
exceed 25% of the total metastable density at low energy (Holt

and Krotkov, 1966)31 and population of the triplet scheme from
the 2'S level involves electron exchange. For these reasons, and
to enable comparison to theory, the data in all cases is inter-
preted to result from excitation of the 23S level, even though

the experiment with a single electron beam does not exclude

2!S > n®1 excitation. If the metastable atoms suffer an electron
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collision before exiting the interaction region, they may be
further excited to an optically allowed level, n?1. Thus, radia-
tion from n31 levels may be observed above the threshold for ex-
citing the 23S level, but below the threshold for direct excita-
tion of the n®l levels. Figure 37 is an apparent excitation func-
tion for the helium 44713 (4°D » 2%P) transition. The excitation
function is observed over seven decades of dynamic range. One
thousand counts have been added to the data so that negative (noise)
counts could be represented. The threshold for direct excitation
to the 43D level is 23.7 eV. The energy distribution of the electron
beam causes the direct excitation process to be observed with an
apparent threshold of 23.0 eV. Below 23.0 eV however, there exists
a plateau in the signal which cannot be attributed to the high
energy tail of the electron beam. This signal arises from the fol-
lowing two-step process: a helium atom suffers a collision with

an electron with a given energy, eV;. The atom is excited to the
2°S level. The radiative lifetime of this level is very long

(2.5 x 10" sec., Griem, 1969),32 so that until the metastable atom
drifts out of the electron beam it is subject to the probability
of further collisions with electrons with energy eV,. If this
second event occurs, the observation of decay radiation from the
43D state gives a signal which is related to the apparent cross
section Q;k for exciting an atom in the level m = 23S to the level
k = 43D by an electron with energy eV. The relationship of this

signal to the cross section ka is given by

-74.
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i Op(1eV1)) 728,
where, in the numerator, ozi is the two-step signal measured at
eV, = 21.5 eV, Qki is the line cross section for the k to i trans-
ition, I(eV,) is the current when the direct signal ¢ki is measured,
Vm is the average velocity of the metastable atoms, A is the exit
area for the metastable atoms, and e is the charge on an electron.
In the denominator, s is the signal produced from exciting the
ground state to the level k, measured at eV, =~ 30 eV, Q; is the
apparent cross section for exciting the metastable level, I(eV,)
is the current when the two-step signal is measured, £ is the
interaction length of the electrons and Bki is the branching ratio
for the k to i transition. This method uses the decay radiation
from the direct processes as a standard, and thus the pressure and
detector sensitivity normalize to unity. Measurements by Borst
(1974)28 and Holt and Krotkovalwere used to estimate Q$, and values
of Qki were taken from the compilation by Kieffer (1969).l

Two-step apparent cross sections obtained in this way are
given in Table 2. Also listed, for comparison, are the theoretical
apparent cross sections. These apparent cross sections were con-
structed from Born approximation calculations of Ton That et al.
(1977)12 by including cascade contributions from n®l levels up

ton=5,1=3. The experimental data yields cross sections

three to five times larger than the Born apparent cross sections.
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The data for the 3°P, 33S, 43S and 4°D measurements show scatter
ranging from 18% in the case of the 43D measurement to 60% in the
case of the 43S measurement. The signal-to-noise ratio for the
3°D measurement was considerably better. The value quoted for
the apparent 33D cross section is an average of five different
runs whose standard deviation is 23%.

The second way to observe two-step signal is to use two par-
allel electron beams perpendicular to and sequentially intersecting
an atomic helium beam. The first electron beam has an accelerating
voltage only sufficient to excite the 23S level, but not higher
levels directly. Metastable atoms thus produced in the beam are
intersected by the second electron beam, where they may be excited
to upper n’1 levels with impact energies as low as 3 eV. Sweeping
the energy of the second electron gun from 3 eV to 19.8 eV produces
an excitation function of the apparent 23S + n31 cross section.
However, the target density in the second electron beam, composed
of metastables created in the first electron beam, cannot be deter-
mined precisely. The excitation function may be placed on an ab-
solute scale by normalizing the excitation function at 19 eV with
the absolute two-step cross section obtained from the single beam
experiment at 21.5 eV. Using this procedure, the absolute apparent
excitation cross sections for the 23S + 3°P and 23S - 3°D transi-
tions were obtained in the energy range from 7 eV to 19 eV. Be]bw
7 eV the electron beam current was insufficient to yield a reliable,

measurable signal. Figure 38 shows the data points for the

-




23S > 3% excitation. Each data point represents the average of

eight 1000 second integration periods. Also shown in Figure 38
are the level 23S - 33P cross sections calculated by Flannery et
a].zgusing the VPS and the Born approximations and Flannery and
McCann30 using the Eikonal treatment. Noise in the experimental
data makes detailed comparison to the shapes difficult. Figure
39 gives the same results for the 23S - 33D transition. As a re-
sult of a much stronger two-step signal, this experimental excitation
function is more favorable for comparison. The excitation func-
tion appears to decrease gradually after a maximum close to thres-
hold. The shape of the excitation function compares best to the
Eikonal treatment. The disagreement in shape for Mityureva and
Penkin's5 data and the present experiment (the latter being favored
by the available theory) cannot be explained. Also at variance
with present results and theory is the observation by Mityureva
and Penkin that the lines which undergo the most intensive step-
wise excitation are the strongest lines of the direct excitation
spectrum. Our experiments indicate that the 3D levels have the
largest cross section from the 23S levels. While errors due to
the calibration procedure affect the absolute scale of the cross
sections, these errors do not affect the relative values of the
observed two-step cross sections.

These results for the excitation of the upper helium states
from the metastable state are much different from the distribution

that would result from their direct excitation from the ground
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state. These results are therefore also in general accord with the
recent theoretical predictions for electronic excitation of the

metastables at lower electron energies.
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SECTION V

EXCITATION OF KRYPTON BY SINGLE ELECTRON IMPACT
B BACKGROUND

A considerable wealth of knowledge has been amassed regarding
transitions from the ground state to upper electronic levels,
represented in Figure 40 by process number two. Of the rare gases,
the lightest elements, particularly helium, have received by far
the most attention, so that there exist gaps in the literature for
electron impact cross sections of krypton and xenon. The primary
objective of this research effort is to measure cross sections of
the third type in Figure 40. In this experiment the first two
types of cross sections are used to calibrate signals from the
third type. Cross sections to the metastable level provide an
estimate of the metastable number density created by an electron
beam. The decay radiation resulting from excitation of ground
state atoms whose cross sections are known is used as a standard
for photons arising from excitation from the metastable level,
for which the cross section is to be measured. Therefore, cross
sections from the ground state to optically allowed levels in
] krypton were measured using the optical technique. This is a re-
sult of the lack of ground state cross sections in krypton and

the requirement for this data to evaluate metastable cross sec-

tion pheonomena.




Metastable
level

1) Cross sections which excite
a metastable level

2) Cross sections which excite
optically allowed levels

3) Cross sections from metastable
levels to upper levels.

GrouNd e
State

FIGURE 40 - Electron impact cross sections
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2. RESULTS

The most prominent transitions in the range of the detection
system arise from excitation of the 5p levels (Figure 41). These
yield radiation which is in the 7000A to 90003 range. The strongest
6s to 5p and 4d to 5p lines are too far into the infrared to be
measurable.

In 1967, P.V. Fe]'tsan33 published a paper in the Ukranian
Journal of Physics which contained an experimental determination
of 33 of the major optical cross sections in krypton. Fel'tsan's
work did not find itself in any of the recent review articles on
cross sections, and this is part of the reason krypton was inves-
tigated again. Figure 42 shows the excitation functions of several
transitions as determined by Fel'tsan. The excitation functions
in general have a peak close to 20 eV. Figures 43 and 44 show
corresponding excitation functions measured in our experiment.
These are unretouched products of the data acquisition system,
uncorrected for a 1.5 volt potential shift in the accelerating
voltage, but not subject to errors ir current and pressure changes,
nor subject to detector non linearities. The spike near onset
shows where the exponent of the data changes from the 100's range
to the thousands range. These excitation functions, as well as
the following ones from this experiment, are not normalized to
each other. The functions are taken at a constant pressure and
are electronically corrected for the change in electron beam

current as a function of accelerating voltage. The excitation
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